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Synthesis  and  processing  of  organic  second-order  nonlinear  optical  materials  for 
fabrication  of  electro-optic  modulators  are  discussed.  Topics  dealt  with  in  order 
include  (1)  synthesis  of  chromophores  characterized  by  large  hyperpolarizability 
and  good  thermal  Stability,  (2)  covalent  coupling  of  nonlinear  optical  chromophores 
to  polymer  lattices,  (3)  lattice  hardening  reactions  which  permit  locking-in  of 
electric  field  poling- induced  macroscopic  noncentrosymnetric  order,  (4)  fabrication 
of  buried  channel  nonlinear  optical  waveguides  by  photochemical  and  reactive  ion 
etching  techniques,  (5)  coupling  of  nonlinear  optical  waveguides  to  fibe'  optic 
transmission  lines  and  drive  electronics,  (6)  prototype  device  fabrication  and 
evaluation.  Various  device  configurations  are  reviewed  and  recent  advances  in 
applications  are  discussed.  Comparison  is  made  between  the  performance  of  organic 
and  inorganic  materials  for  electro-optic  modulation  applications 
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The  following  objectives  were  defined  and  pursued:  (1)  synthesis  of  chromophores 
characterized  by  large  hyperpolarizability  and  good  thermal  stability,  (2)  covalent  coupling  of 
nonlinear  optical  chromophores  to  polymer  matrices,  (3)  lattice  hardening  reactions  which  permit 
locking-in  of  electric  field  poling-induced  macroscopic  noncentrosymmetric  order,  (4)  fabrication 
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Design  of  New  Multi-Functional  Electroactive  Polymers  With  Emphasis  on  Optical 

Nonlinearity 

L.  R.  Dalton 

Loker  Hydrocarbon  Research  Institute 
Departments  of  Chemistry  and  of  Materials  Science  &  Engineering 
University  of  Southern  California,  Los  Angeles,  CA  90089-1661 

Abstract 

Our  synthesis  and  processing  of  organic  second-order  nonlinear  optical  materials  for 
fabrication  of  electro-optic  modulators  are  discussed.  Topics  dealt  with  in  order  inclrde  (1) 
synthesis  of  chromophores  characterized  by  large  hyperpolarizability  and  good  thermal 
stability,  (2)  covalent  coupling  of  nonlinear  optical  chromophores  to  polymer  matrices,  (3) 
lattice  hardening  reactions  which  permit  locking-in  of  electric  field  poling-induced 
macroscopic  noncentrosymmetric  order,  (4)  fabrication  of  buried  channel  nonlinear  optical 
waveguides  by  photochemical  and  reactive  ion  etching  techniques,  (5)  coupling  of  nonlinear 
optical  waveguides  to  fiber  optic  transmission  lines  and  drive  electronics,  (6)  prototype  device 
fabrication  and  evaluation.  Various  device  configurations  are  reviewed  and  recent  advances 
in  applications  are  discussed.  Comparison  is  made  between  the  performance  of  organic  and 
inorganic  materials  for  electro-optic  modulation  applications. 

1  Introduction 

There  is  little  disagreement  that  a  revolution  in  communication  technology  is  eminent. 
Terms  such  as  the  "information  superhighway"  have  become  common  parlance.  A  number 
of  advances  have  been  the  vanguard  of  this  revolution  including  development  of  efficient  fiber 
optic  transmission  lines,  improvement  of  diode  lasers,  development  of  new  and  efficient 
optical  detectors  and  detector  arrays,  continued  improvement  of  semiconductor  electronics, 
development  of  high  density  memories,  development  of  flat  panel  displays,  improvement  in 
information  processing  software  and  advances  in  systems  engineering  concepts. 

While  most  of  the  advance  in  information  processing  has  involved  electronic 
technology,  we  are  currently  reaching  the  theoretical  limits  of  conventional  electronic  signal 
processing  and  transmission.  To  achieve  processing  rates  of  greater  than  50  GHz  and 
transmission  distances  greater  than  1  meter,  optical  technologies  are  required.  The  issue  is 
not  whether  or  not  new  optical  technologies  are  required  but  rather  what  materials  will  be 
used  to  realize  the  new  technologies.  While  inorganic  (semiconductor)  materials  have  been 
the  basis  of  development  of  electronic  technologies,  it  is  not  clear  at  this  time  whether 
inorganic  or  polymeric  organic  materials  will  provide  the  basis  of  the  coming  revolution  in 
optical  technologies. 

Three  areas  of  research  activity  (development  of  high  density  rewritable  optical 
memories,  i.e.,  10-20  gigabytes  on  a  13  cm  disc;  development  of  "100  GHz"  electro-optic 
modulators;  and  development  of  highly  efficient  light-emitting  diodes  for  flat  panel  displays) 
particularly  illustrate  this  competition  of  organic  and  inorganic  materials.  In  this  article,  we 
shall  focus  upon  the  development  of  broadband  polymeric  electro-optic  modulators  and 
comparison  of  the  performance  characteristics  of  such  modulators  to  those  developed  from 
inorganic  materials.  In  particular,  we  will  focus  upon  (1)  modulation  efficiency,  (2)  bandwidth, 
and  (3)  auxiliary  factors  such  as  insertion  loss,  signal  distortion,  optical  damage  threshold, 
thermal  stability,  cost  etc.  In  contrast  to  most  reviews  of  organic  optical  nonlinearity,  our 
focus  will  be  upon  the  realization  of  practical  modulators  and  not  simply  upon  definition  of  the 
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structure/function  relationships  necessary  to  achieve  optimum  optical  nonlinearity.  In 
particular,  we  will  focus  upon  materials  processing  relevant  to  system  integration,  e.g., 
integration  of  polymeric  modulators  with  transmission  lines  and  with  semiconductor 
electronics.  Because  we  focus  upon  system  integration,  the  relevance  of  polymeric 
modulators  to  practical  applications,  such  as  electronic-to-optical  signal  transduction  in  the 
cable  television  industry,  signal  transduction  in  intercomputer  network  communication, 
switching  in  local  communication  networks,  phased-array  radar  antenna  feeds,  analog  sensor 
data  links,  rf  and  microwave  distribution,  video  security  systems,  and  photonic  detection  of 
radar  and  radar  signal  links,  should  be  more  clear. 

In  the  following,  we  divide  our  discussion  into  several  topics:  (1)  Optimizing  molecular 
hyperpolarizability  (P)  by  chromophore  design;  (2)  optimizing  macroscopic  nonlinearity 
by  ultrastructure  synthesis  concepts;  (3)  optimizing  other  material  characteristics  including 
lattice  stability,  optical  quality,  etc.  (4)  processing  of  buried  channel  nonlinear  optical 
waveguides;  (5)  coupling  to  fiber  optic  transmission  lines  and  reception  of  through  space 
electromagnetic  radiation;  (6)  system  integration  and  prototype  device  evaluation. 

Our  focus  will  be  upon  the  qualitative  introduction  of  concepts.  Thus,  we  will  routinely 
use  the  most  approximate  mathematical  expressions  (e.g.,  scalar  variables  as 
approximations  to  tensor  variables)  and  will  focus  upon  the  simplest  empirical  correlations 
without  extensive  discussion  of  the  limitations  of  our  approach.  The  reader  is  referred  to  the 
cited  literature  for  more  detailed  and  precise  discussion  of  theory  and  data. 

However,  before  we  turn  our  attention  to  the  issue  of  materials,  let  us  briefly  review 
some  device  architectures.  This  will  also  permit  us  to  introduce  nomenclature  that  will 
facilitate  our  discussion  throughout  this  article. 

2  Device  Architectures 

The  electro-optic  effect  results  in  a  relative  phase  shift,  A(J>,  of  a  optical  beam  passing 
through  an  E-0  material  when  an  electric  field  is  applied. 

A({)  =  Kn3reffVL/>.h 

where  n  is  the  index  of  refraction,  reff  is  the  effective  electro-optic  coefficient,  V  is  the  voltage 
of  the  applied  modulation  (electrical)  signal,  L  is  the  modulation  length,  h  is  the  gap  distance 
between  electrodes,  and  k  is  the  optical  wavelength.  The  magnitude  of  the  effective  E-0 
coefficient  depends  on  the  device  geometry,  the  poling  direction  (if  electric  field  poling  is  used 
to  establish  noncentrosymmetric  order),  the  optical  wave  polarization,  and  the  modulation 
scheme  employed.  The  half-wave  voltage-modulation  length  product  is  defined  as 


V^L  =  Xh/n3reff 


The  V^L  product  is  a  measure  of  the  modulation  efficiency  of  the  device.  The  lower  the 
product,  the  higher  the  modulation  efficiency. 

A  modulation  of  the  intensity  of  the  optical  beam  can  be  obtained  either  from 
interferometric  effects  or  modal  coupling  changes  due  to  phase  modulation.  Among  various 
device  architectures,  integrated  Mach-Zehnder  interferometers,  waveguide  birefringent 
modulators  and  directional  couplers  are  the  most  popular  for  high  speed,  broad  bandwidth 
applications.  As  briefly  analyzed  in  the  following  section,  the  modulation  efficiency  and  the 
harmonic  distortion  are  different  from  one  to  another. 
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2.1  Integrated  Mach-Zehnder  interferometer 


An  integrated  Mach-Zehnder  interferometer  (see  Fig.  la)  consists  of  two  straight  arms 
as  modulation  areas  and  two  Y-branches  (one  splits  the  optical  beam  into  two  and  the  other 
combines  the  modulated  beams  together).  The  modulation  electric  field  is  applied  to  one  arm 
or  both  arms  to  modulate  the  index  of  the  waveguide  and  thus  modulate  the  phase  of  the 
optical  beam  or  beams.  When  the  two  beams  combine  coherently  at  the  output  (second  Y 
branch),  the  interference  of  the  two  beams  modulates  the  output  intensity  as  (assuming  no 
loss) 


Iq  =  Ij  sin2[(({n3g  +  A4))/2] 

where  Ij  and  Iq  are  the  input  and  output  intensities,  ^ba  is  the  phase  difference  between  the 
two  arms,  and  Ad  is  the  phase  modulation  produced  by  the  E-0  effect.  Ad  is  zero  when  the 
modulation  (electric)  field  is  not  applied.  The  required  phase  change  for  100%  modulation  (to 
switch  light  "on"  and  "off")  is  a  modulation  field  that  produces  Ad  =  tt,  which  results  in 


(V7rL)MZ  =  ?ih/n3r33 

In  analog  signal  applications,  a  DC  bias  voltage  is  applied  to  one  arm  to  adjust  dba.  and  the 

modulation  voltage  is  applied  to  the  other  arm.  At  proper  DC  bias  voltage  with  <t)ba  =  (the 
quadrature  point)  and  when  the  modulation  signal  is  small  (not  exceeding  V^),  the  output 
optical  signal  is  linearly  proportional  to  the  input  electric  signal  with  small  third-order  and 
higher  odd-order  harmonic  distortion  terms. 

lo  =  li[1  -  Ad  +  (Ad)3/6  -  (A()))5/120  +  ...] 

A  linearization  scheme  is  required  which  is  essentially  the  correction  of  the  third  order  term. 
From  the  above  equation,  we  need  either  subtract  a  third  order  term  from  the  output  intensity 
or  add  a  similar  term  in  the  modulation  electric  signals  to  cancel  this  distortion. 

2.2  Integrated  birefringent  E-0  modulator 

The  integrated  birefringent  E-0  modulator  is  an  extension  of  the  longitudinal  bulk  E-0 
modulator  to  guided  optical  beams.  The  modulator  (see  Fig.  1b)  consists  of  a  single  mode 
nonlinear  optical  (NLO)  polymer  waveguide  and  an  analyzer.  When  the  modulation  field  is 
applied  to  the  waveguide  in  the  poling  direction,  the  refractive  index  of  the  waveguide  will 
experience  different  changes  along  different  directions  and  therefore  the  birefringence  of  the 
waveguide  is  modulated  by  the  electric  field. 

An(TE)  =  n3ri3V/2  An(TM)  =  n3r33V/2 

A(l)(TEn‘M)sp  =  TiAnL  =  7cVLh(n3ri3  -  n3r33)/?. 
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In  order  to  obtain  intensity  modulation,  the  input  beam  is  45  degree  polarized  to  excite  both 
TE  and  TM  modes.  An  analyzer  converts  the  polarization  modulation  into  an  intensity 
modulation  signal.  The  output  intensity  of  a  lossless  birefringent  E-0  modulator  is  given  by 

Iq  ~  •!  sin2[(4)sp  +  A6sp)/2] 

where  0sp  is  the  built-in  phase  delay  between  TE  and  TM  modes,  and  Adsp  is  the  modulated 
phas"  delay.  The  V;tL  product  is  (recall  that  for  a  dipolar  chromophore,  r33  =  3  ri3  by 
syr  imetry) 


(VtcMbr  =  1.5/.h/n3r33  =  1.5(VnL)MZ 

Compared  with  the  Mach-Zehnder  modulator,  the  modulation  efficiency  of  the  birefringent 
modulator  is  lower  since  is  1.5  times  higher  in  the  BR  modulator.  A  birefringent 
modulator  can  be  biased  at  its  quadrature  point  by  an  external  compensator.  At  this  point 
and  when  the  modulation  signal  is  small,  the  harmonic  distortion  is  the  same  as  for  a  Mach- 
Zehnder  device. 

2.3  E-0  directional  couplers 

Directional  couplers  (see  Fig.  1c)  consist  of  two  side-by-side  waveguides  separated  by 
only  a  few  microns.  The  overlap  of  the  guided  waves  in  the  two  waveguides  couples  energy 
back  and  forth  between  the  waveguides.  When  the  RF  (electrical)  voltage  is  applied,  the 
modulation  is  obtained  by  modulating  either  the  phase  difference  or  the  coupling  coefficient. 
A  directional  coupler  is  a  four-terminal  device  which  allows  two  inputs  and  two  outputs.  The 
information  of  the  optical  beams  can  be  exchanged  between  the  two  waveguides.  When  only 
one  input  terminal  is  used,  the  output  intensities  of  the  waveguides  are 

li(L)  =  lo  {k2/[k2  (Ap/2)2]}  sin2{LV[K2  -h  (Ap/2)2]} 

l2(L)  =  lo  {1  -  k2/[k2  (Ap/2)2])  sin2{LV[K2  +  (Ap/2)2] 

where  k  is  the  coupling  coefficient,  aP  is  the  phase  mismatch  between  the  two  waveguides, 
and  L  is  the  coupling  length.  From  the  above  equation,  the  complete  power  crossover  occurs 
when  AP  =  0  and  k  =  (n/2)  +  mn,  where  m  =  0,  1,2,  ....  To  turn  the  coupling  "off"  by  the 
applied  electrical  field,  one  requires 

.ApL  =  (4m  +  3)i/2;t 


or 


V„Lc  =  (4m 3)i/2Xh/n3r33 

The  smallest  voltage  required  for  switching  occurs  when  m  =  0,  which  is  1 .7  times  larger  than 
that  of  a  Mach-Zehnder  device.  Obviously,  the  response  of  a  directional  coupler  has  all 
orders  of  harmonic  distortion  terms.  Linearization  schemes  must  correct  both  second  and 
third  order  harmonic  terms. 
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In  Table  1 ,  we  summarize  the  features  of  different  electro-optic  modulators. 

2.4  Comparison  of  the  performance  characteristics  of  organic  and  inorganic  E-0  modulator 
materials 


E-0  modulators  made  of  single  crystal  LiNbOa  are  currently  the  focus  of  designers 
attempting  to  exploit  modulator  technology;  however,  lithium  niobate's  performance  is  limited 
by, several  intrinsic  materials  properties.  First,  the  E-0  coefficient  is  limited  to  approximately 
30  pmN  for  Ti  in-diffusion  or  23  pmA/  for  annealed  proton  exchange.  One  cannot  expect  to 
increase  the  E-0  coefficient  for  better  performance.  Second,  the  high  dielectric  constant  of 
lithium  niobate  crystals  results  in  an  intrinsic  bandwidth-length  product  of  approximately  6 
GHz-cm.  Thus,  special  electrode  designs  must  be  used  at  high  frequencies  to  match  the 
velocity  of  the  optical  beam  and  the  microwave  (millimeter)  drive  frequency.  The  velocity 
matching  in  LiNbOa  modulators  results  in  a  major  electric  field  reduction  inside  the  crystal 
and  the  half-wave  voltage-modulation  length  product  (a  figure  of  merit)  increases  significantly 
as  the  device  bandwidth  increases  as  shown  in  Fig.  2.  In  a  lumped  circuit  case,  the  large 
dielectric  constant  also  requires  high  rf  power  to  drive  the  electrodes,  since  the  driving  power 
is  proportional  to  the  dielectric  constant.  The  link  gain  will  be  increased  by  a  factor  of  eight  if 
the  lithium  niobate  modulator  is  replaced  by  a  lumped  circuit  polymer  modulator  of  the  same 
Vn- 

In  Table  2,  we  summarize  crucial  performance  parameters  of  modulators  and  give 
representative  values  for  competitive  inorganic  materials.  The  dramatic  increase  in 
bandwidth  of  modulators  fabricated  from  organic  materials  (>  130  GHz-cm)  reflects  the  lower 

dielectric  constants  of  these  materials.  Note  that  for  organic  materials,  e=  n^. 

In  addition  to  a  large  nonlinearity  of  the  material,  a  smaller  distance  between 
modulation  electrodes  may  improve  the  modulation  efficiency  since  the  field  strength 
increases  as  the  gap  decreases  with  a  constant  applied  voltage.  However,  for  a  wide 
bandwidth  E-0  modulator,  the  electrical  gap  size  is  determined  by  the  waveguide  dimensions 
and  impedance  matching  geometry.  Fiber-waveguide  coupling  considerations  impose 

limitations  on  the  waveguide  dimensions.  Commercial  single  mode  1.3  ^m  wavelength 
optical  fibers  have  core  diameters  of  8-9  pm  and  cladding  diameters  on  the  order  of  125  pm. 
From  mode  coupling  theory,  efficient  coupling  occurs  when  the  overlap  integral  of  the  fiber 
mode  and  the  waveguide  mode  is  maximized,  i.e.,  when  the  field  distributions  of  the  fiber 
mode  and  the  waveguide  mode  are  the  same  or  very  close.  Thus,  waveguide  design  must 
optimize  the  mode  shape  in  order  to  reduce  the  insertion  loss;  however,  when  the  mode 
pattern  is  too  large,  the  gap  between  the  modulating  electrodes  gets  large  and  Vjj,  as  well  as 
the  modulation  power,  increases  accordingly.  One  needs  to  balance  the  mode  matching  as 
well  as  the  modulation  efficiency. 

Of  course,  materials  must  meet  the  thermal  requirements  of  device  fabrication  and 
long  term  operation.  We  summarize  thermal  requirements  in  Table  3. 

Since  LiNbOa  is  single  crystalline,  it  cannot  be  readily  grown  on  other  substrates 
(although  there  have  been  recent  attempts  at  growth  on  semidconductor  substrates). 
Consequently,  the  modulator  is  flip-chip  bonded  to  a  subtrate  or  alternately  the  electronics, 
fibers,  and  modulators  are  interconnected  via  cables  and  fibers.  We  shall  see  that  organic 
polymeric  modulators  have  the  potential  for  efficient  and  cost  effective  integration  with 
semiconductors. 

3  Additional  Potential  Applications 
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In  this  section,  we  mention  two  additional  applications  which  currently  have  low 
probability  of  commercial  implementation  but  which  illustrate  interesting  scientific  concepts 
and  different  processing  considerations  than  the  device  applications  discussed  in  the 
preceding  section.  These  applications  include  photonic  detection  of  electromagnetic 
radiation  and  generation  of  photorefractive  solitons.  In  the  latter  application,  the  E-0 
chromophore  is  only  a  part  of  the  system  required  for  a  photorefractive  effect;  however,  many 
of  the  processing  considerations  developed  for  E-0  modulator  applications  are  relevant  to 
this  application. 

3.1  Photon'c  detection  of  electromagnetic  radiation 

A  primary  reason  for  employing  photonics  with  low  dielectric  materials,  in  place  of 
metallic  components  of  conventional  sensing  systems,  is  to  reduce  field  perturbations. 
Although  an  ideal  photonic  sensor  would  be  comprised  completely  of  low  dielectric 
components,  metallic  antennas  are  traditionally  attached  to  the  electro-optic  modulator  of  a 
photonic  system  to  enhance  field  gain.  Hilliard  and  coworkers  [1]  have  proposed  employing  a 
low  dielectric  (polystyrene  polymer)  Luneburg  lens  to  achieve  the  necessary  gain;  thus,  they 
propose  a  completely  low-dielectric  electromagnetic  field  sensor. 

Photonic  electromagnetic  field  sensors  consist  of  a  laser  source  providing  an  optical 
signal  which  is  sent  through  an  electro-optic  modulator  and  then  to  a  photodetector/amplifier 
via  optical  fiber  transmission  lines.  As  already  discussed,  the  information  content  (frequency, 
amplitude,  phase)  of  the  radiofrequency  field  passing  through  an  E-0  modulator  can  be 
transferred  by  the  Pockel  effect  to  light  passing  through  the  modulator.  The  modulated 
optical  signal  is  converted  to  an  electrical  signal  by  the  photodetector  and  is  amplified  to 
produce  an  RF  output  directly  proportional  to  the  measured  field.  Usually  some  form  of 
amplification  is  required  to  increase  the  rf  field  strength  to  a  sufficient  level  to  permit 
reasonable  modulation  efficiency;  here  we  will  focus  upon  amplification  employing  a  low 
dielectric  Luneburg  lens.  A  Luneburg  lens  is  a  spherically-shaped,  broadband  dielectric 
device  that  focuses  an  incident  planar  electromagnetic  wave  entering  one  side  of  the  lens 
onto  a  spot  on  the  opposite  side  of  the  lens.  The  dielectric  constant  of  the  Luneburg  lens 
varies  quadratically  with  the  radius  from  a  maximum  value  of  2  at  the  center  of  the  lens  to  a 

minimum  value  of  1  at  the  lens  surface,  according  to  Er  =  2  -  (r/a)2  where  Cr  is  the  relative 
dielectric  constant  of  the  lens,  r  is  the  radial  location  within  the  lens,  and  a  is  the  radius  of  the 
lens.  In  practice,  the  Luneburg  lens  is  often  implemented  in  concentric  shells  of  polystyrene, 
each  shell  comprising  a  continuous  dielectric  constant. 

Electro-optic  modulator  sensors  can  be  placed  on  the  surface  of  a  Luneburg  lens 
either  as  single  elements  or  as  units  consisting  of  two  mutually  orthogonal  modulators  (for 
detecting  polarization  of  the  electromagnetic  wave  front).  The  angle-of-arrival  of  the 
electromagnetic  wave  fronts  is  determined  by  noting  which  sensors  are  most  strongly 
modulated.  E-0  modulators  can  be  placed  over  the  entire  surface  of  the  lens  to  provide  An 
steradian  angle-of-arrival  coverage  or  placed  over  a  subsection  of  the  lens  surface  to  provide 
a  narrower  field-of-view.  In  the  case  of  An  steradian  coverage,  aperture  blockage,  which 
would  occur  with  metal  antennas,  is  reduced  because  the  modulators  covering  the  lens 
surface  on  the  side  of  field  incidence  are  effectively  transparent  to  the  fields.  This  allows 
fields  to  penetrate  into  the  lens  and  be  focused  onto  the  modulators  on  the  opposite  side. 

Maximum  energy  coupling  into  the  E-0  modulator  can  be  achieved  by  minimizing  the 
reflection  of  fields  at  the  surface  of  the  modulator.  The  amount  of  field  energy  passing  from 


the  Luneburg  lens  to  the  modulator  can  be  quantified  by  the  reflection  coefficient  of  the 
materials  comprising  the  lens  and  modulator.  The  reflection  coefficient  for  fields  in  dielectric 
media  passing  from  medium  1  into  medium  2  (at  a  planar  interface,  each  with  a  relative 

dielectric  constant  of  £ri  and  er2)  is 


P  =  .  (e,2)i/2]/[(e,i)i/2  +  (e^)i/2] 


Although  the  lens/modulator  interface  is  not  a  planar  surface,  the  above  equation  is  a  good 
approximation  at  microwave  and  millimeter  wave  frequencies.  The  relative  dielectric  constant 
of  a  common  inorganic  E-0  modulator  material,  e.g.,  LiNbOs,  ranges  from  28  to  80. 
Assuming  a  value  of  30,  the  reflection  coefficient  for  fields  passing  from  the  lens  surface  to 
the  modulator  is  0.7.  The  percentage  of  incident  energy  density  reflected  to  the  source,  lp|2, 
is  about  50%.  Organic  polymers  have  the  lowest  dielectric  constant  (approximately  3  to  3.5) 
of  all  known  E-0  materials  resulting  in  about  7%  reflected  energy  density.  Moreover,  organic 
polymers  are  manufacturable  as  thin  films  which  make  them  capable  of  being  conformably 
interfaced  to  the  spherical  surface  of  the  Luneburg  lens. 

3.2  E-0  polymers  and  photorefractive  solitons 

Solitons  are  solitary  waves  that  propagate  with  unchanging  spatial  profiles.  In  the 
case  of  optical  solitons,  diffraction  effects  (which  are  the  main  source  of  distortions  for  normal 
optical  waves)  are  canceled  by  nonlinear  optical  effects.  Thus,  solitons  permit  data  to  be 
sent  over  long  distances  without  introduction  of  distortions  or  errors. 

Recently,  Yariv  and  coworkers  [2]  have  demonstrated  a  new  type  of  soliton,  which 
uses  self-trapping  caused  by  photorefractive  processes  to  confine  light  spatially.  Since  the 
magnitude  of  the  photorefractive  response  is  independent  of  the  input  light  intensity, 
photorefractive  solitons  can  be  generated  at  relatively  low  light  intensities,  e.g.,  1W/cm2. 
Photorefractive  solitons  will  be  unaffected  by  absorption  or  gain. 

Creation  of  photorefractive  solitons  is  a  four  part  process.  Initially,  pairs  of  spatial 
frequency  modes  of  a  single  input  beam  interfere  within  the  photorefractive  material  to 
produce  a  periodic  intensity  distribution.  The  input  light  causes  impurities  (inorganics)  or 
electron  donor/acceptors  (organics)  to  release  charges  (electrons  or  holes)  which  migrate 
toward  the  dark  regions  of  the  materials  and  become  trapped.  This  results  in  a  periodic 
charge  distribution  in  the  material  which,  in  turn,  yields  a  periodic  electrical  field  which  is 
phase  shifted  by  nl2  from  the  original  light  interference  pattern  if  no  external  electric  field  is 
present.  Finally,  the  induced  space-charge  field  alters  the  refractive  index  periodically 
through  the  linear  E-0  effect.  The  index  of  refraction  grating  created  in  this  manner  couples 
the  intensities  of  the  spatial  frequency  modes  and  introduces  a  nonlinear  phase  for  each 
mode.  The  strength  of  the  coupling  and  magnitude  of  the  nonlinear  phase  are  dependent  on 
the  properties  of  the  photorefractive  material  and  the  electric  field  present  within  the  material. 
The  nonlinear  phase  change  of  each  spatial  frequency  mode  is  responsible  for  confinement 
of  the  input  laser  beam. 

Of  course,  a  variety  of  conditions  must  be  satisfied  for  the  generation  of 
photorefractive  solitons.  First,  energy  exchange  between  the  interfering  spatial  modes  must 
be  minimized.  The  transverse  profile  of  a  photorefractive  soliton  is  unchanged  in  the 
presence  of  absorption  or  gain  only  if  all  spatial  frequency  components  are  effected  equally. 
The  coupling  between  the  intensities  of  the  spatial  modes  is  minimized  when  the  induced 
index  grating  is  in-phase  with  the  light  interference  pattern.  The  phase  of  the  refractive  index 
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grating  can  be  controlled  by  applying  an  external  DC  electric  field.  Since  the  period  of  the 
light  interference  pattern  is  large,  the  intensity  coupling  remains  small  for  a  range  of 
magnitudes  of  the  external  field.  Second,  the  magnitude  of  the  photo  refractive  focusing  must 
exactly  match  the  strength  of  the  diffraction  effects.  This  can  be  accomplished  by  varying  the 
strength  of  the  external  electric  field,  which  varies  the  magnitude  of  the  electro-optic  effect 
within  the  material.  Finally,  the  input  light  must  have  a  spatial  frequency  mode  distribution 
which  allows  soliton  formation. 

Observation  of  photorefractive  solitons  by  Yariv  and  coworkers  [2]  was  made 
employing  inorganic  crystals.  A  similar  photorefractive  phenomena  should  be  observable  in 
E-0  photorefractive  polymers  existing  either  as  composites  [3]  or  as  homopolymers  [4]. 

4  Synthesis  and  processing  of  materials  for  electro-optic  modulator  applications 

From  the  discussion  presented  in  the  two  preceding  sections,  it  should  be  clear  that 
somewhat  different  processing  is  required  for  different  applications:  in  particular,  photonic 
detection  of  electromagnetic  radiation  requires  significantly  less  complicated  processing  and 
has  less  demanding  materials  requirements  than  signal  transduction  for  cable  television 
applications.  In  the  following  discussion,  we  focus  upon  representative  synthesis  and 
processing  conditions  which  will  likely  be  required  for  significant  commercialization  of  electro¬ 
optic  modulators. 

We  restrict  our  consideration  to  polymeric  materials  although  single  crystal  organic 
materials  could,  at  least  in  principle,  be  used  in  the  fabrication  of  electro-optic  modulators 
analogous  to  the  use  of  single  crystal  inorganic  materials  such  as  lithium  niobate.  In  can  be 
noted  that  the  highest  reported  optical  nonlinearities  for  second-order  organic  materials  have 
been  for  crystals  (e.g.,  r^  =  400  pmA/  for  4'-dimethylamino-N-methyl-4-stilba2olium  tosylate 
[5]).  However,  currently  known  organic  crystals  are  unsuitable  for  commercial  applications 
and  it  is  not  clear  that  crystal  growing  methodologies  and  circuit  integration  technologies  can 
be  developed  to  permit  the  incorporation  of  such  materials  into  devices  in  the  near  future.  At 
this  point  in  time,  polymeric  organic  NLO  materials  are  clearly  the  organic  materials  of  choice 
for  the  fabrication  of  E-0  devices  and  thus  will  be  our  focus. 

4.1 .  Optimization  of  molecular  optical  nonlinearity 

When  we  speak  of  optical  nonlinearity  to  be  exploited  for  electro-optic  modulation 
applications,  we  are,  at  least  ideally,  speaking  of  purely  non-resonant  optical  nonlinearity. 
Only  virtual  excitations  contribute  to  such  nonlinearity  and  the  response  time  should  be  the 
phase  relaxation  time  rather  than  a  state  lifetime.  In  reality  the  best  we  can  do  is  to 
approximate  this  situation  by  employing  carrier  electromagnetic  radiation  (light)  and 
modulation  radiation  far  removed  from  material  optical  resonant  frequencies.  Our  discussion 
of  the  theory  of  hyperpolarizability  will  focus  upon  nonresonant  optical  nonlinearity. 

As  an  aside,  we  note  that  Garito  [6]  has  demonstrated  an  interesting  enhancement  of 
optical  nonlinearity  based  upon  exploiting  the  hyperpolarizabilities  associated  with  populated 
excited  states.  Because  of  the  potential  problems  associated  with  heating,  optical  loss, 
response  time  (associated  with  the  excited  state  lifetime)  and  the  requirement  of  a  control 
beam,  we  do  not  pursue  the  discussion  of  the  exploitation  of  such  optical  nonlinearities  for 
device  applications. 

With  the  exception  of  octupolar  [7]  chromophores,  organic  second-order  nonlinear 
optical  materials  have  been  prepared  from  dipolar  chromophores  of  the  following  general 
form: 
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(electron  donor)-(7r  electron  connective  segment)-(electron  acceptor) 

It  would  seem  that  the  logical  way  to  define  structure/function  relationships  required  for  the 
optimization  of  optical  nonlinearity  would  be  to  carry  out  appropriate  quantum  mechanical 
calculations  and  indeed  considerable  research  effort  has  been  expended  on  such  activities 
[8].  However,  since  optical  nonlinearity  (electronic  hyperpolarizability)  depends  upon  electron 
coulomb  correlations  and  electronic  excited  states,  it  is  not  surprising  that  the  quantitative 
reliability  of  such  calculations  is  not  as  good  as  for  the  calculation  of  molecular  geometry  or 
ground  state  energy.  Calculations  have  been  of  substantial  utility  in  predicting  trends  and  for 
gaining  physical  insight.  Marder  and  Perry  [9]  have  been  particularly  successful  in  using 
simple  (two  level)  calculations  to  guide  synthetic  efforts  aimed  at  optimizing  molecular 
hyperpolarizabilities. 

Stated  simply,  Marder  and  Perry  emphasize  that  optical  nonlinearity  can  be  enhanced 
by  (1)  maintaining  good  electron  correlation  in  the  connective  (bridge)  segment  and  by  (2) 
avoiding  loss  of  electron  correlation  in  both  the  ground  (e.g.,  neutral  form)  and  excited  (e.g., 
charge  separated)  state  (of  the  simple  two  state  model  of  nonlinearity).  Maintaining  good 
electron  correlation  in  the  connective  segment  can,  for  example,  be  accomplished  by 
minimizing  bond  length  alternation  in  polyene  connective  segments.  This  is  an  observation 
that  was  also  realized  in  the  study  of  electrically  conducting  ;i-electron  polymers.  Optimizing 
electron  correlation  in  the  connective  segments  may,  however,  not  be  appropriate  for  other 
reasons.  First  of  all,  optical  gap  and  bond  length  alternation  are  correlated  with  the  result  that 
optical  gap  is  in  turn  correlated  to  molecular  hyperpolarizability  or  optical  nonlinearity  (see 
Fig.  28  of  ref.  [10]).  In  our  attempt  to  improve  optical  nonlinearity,  we  must  be  careful  not  to 
push  the  optical  bandedge  too  near  the  operating  wavelength.  In  this  communication,  we 
focus  upon  an  optical  operating  wavelength  of  1 .3  microns  so  optical  band  edges  of  our  E-0 
chromophore  must  be  kept  significantly  below  1  micron.  A  second  problem  encountered  with 
optimizing  electron  correlation  in  the  connective  segment  is  that  of  introducing  chemical 
reactivity  so  that  the  chromophore  becomes  unusable  because  of  reactivity.  Attempts  to 
maintain  good  electron  correlation  in  both  the  ground  and  excited  states  has  motivated  focus 
upon  design  of  electron  acceptor  segments  which  assure  the  retention  of  good  electron 
correlation  in  the  excited  state  while  preserving  a  large  difference  in  the  dipole  moments  of 
the  ground  and  excited  states.  Recall  that  in  the  two  state  model,  hyperpolarizability  depends 

upon  the  transition  dipole  (pge).  the  difference  between  the  dipole  moments  of  the  ground  and 
excited  state  (pee  -  Pgg),  and  the  optical  gap  (Ege). 

P  (Mee  ■  |Agg)(Pge^y^ge^ 

It  is  interesting  to  consider  the  development  of  high  |3  chromophores  from  a  historical 
perspective  as  done  by  Marder  and  Perry  in  a  recent  review  [9a].  Throughout  the  1980s, 
state-of-the-art  organic  second  order  chromophores  largely  consisted  of  stilbene  or 
azobenzene  moieties  end-capped  with  electron-donating  groups  (such  as  N,N- 
dimethylamino)  and  electron-withdrawing  groups  (such  as  the  nitro  group).  4-N,N- 
dimethylamino-4'-nitrostiibene  (DANS),  for  which  pP  =  35  x  10*^6  esu,  continues  to  be  a 
useful  reference  for  assessing  optical  nonlinearity.  During  this  period  of  time,  efforts  to 
increase  hyperpolarizability  focused  upon  finding  stronger  donor  and  acceptor  groups  and 

increasing  the  length  of  the  n-electron  connective  segment,  e.g.,  increasing  the  number  of 
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double  bonds.  In  1991,  Marder  and  coworkers  [8b]  showed  that  there  is  an  optimal 
combination  of  donor  and  acceptor  strengths  required  to  maximize  pp  for  a  given  connective 
segment  and  beyond  that  point,  increased  donor-acceptor  strength  leads  to  a  diminution  of 
hyperpolarizability.  In  1 993,  Gorman  and  Marder  [9c]  demonstrated  that  hyperpolarizability 
could  be  correlated  with  bond  length  alternation.  For  donor-acceptor-substituted  polyenes, 
bond  length  alternation  is  related  to  the  relative  contributions  of  neutral  and  charge  separated 
resonance  structures  which  is,  in  turn,  dependent  upon  donor-acceptor  strength.  Molecules 
with  aromatic  ground  states  tend  to  be  more  bond  length  alternated  than  a  simple  polyene  of 
comparable  length-a  phenomena  which  can  be  attributed  to  the  high  price  in  energy  which 
must  be  paid  upon  loss  of  aromaticity  upon  polarization.  Marder  and  coworkers  enunciated 
two  key  design  factors  in  optimizing  hyperpolarizability.  (1)  For  a  chromophore  which  has  a 
connective  segment  (bridge)  that  losses  aromaticity  upon  polarization  but  also  has  an 
acceptor  that  gains  aromaticity  upon  polarization,  the  bond  length  alternation  of  the  bridge  is 
reduced  and  a  large  enhancement  (e.g.,  a  factor  of  40  relative  to  DANS)  in  pp  results  [9]. 
Such  acceptors  include  3-phenyl-5-isoxazolone  and  thiobarbituric  acid  derivatives.  (2) 
Optical  nonlinearity  can  be  enhanced  by  replacing  benzene  rings  with  heterocyclic  rings  such 
as  thiazole  or  thiophene.  Such  structures  have  less  aromatic  stabilization  energy  and  their 

use  has  resulted  in  pP  values  10  times  DANS 

A  great  deal  of  attention  has  also  been  focused  upon  designing  chromophores  with 
improved  thermal  and  chemical  stabilities  [11].  Some  synthetic  modifications  to  improve 
stability  are  obvious,  e.g.,  replacing  polyene  structures  with  heteroaromatic  [12]  and  ladder 
type  [13]  structures.  Tools  routinely  used  for  assessing  success  include  thermogravimetric 
analysis  (TGA)  and  differential  scanning  calorimetry  (DSC).  Twieg  and  coworkers  [11b,c] 
have  also  employed  cyclic  voltammetry  (CV)  to  gain  insight  into  the  mechanism  of 
decomposition  of  chromophores.  In  particular,  in  studies  of  lophine  and  azobenzene 
chromophores  [1 1b,c],  they  find  that  thermal  stability  correlates  reasonably  well  with  oxidation 
potential.  Among  significant  observations  of  Twieg  and  coworkers  [1 1b,c]  is  that  the  thermal 
stability  of  amine  donor  groups  can  be  improved  by  switching  from  alkyl  amines  to  aryl 
amines.  (It  is  interesting  to  note  that  the  decomposition  temperature  of  azobenzene 
chromophores  with  alkyl  amine  donor  groups  is  determined  by  decomposition  of  the  alkyl 
segment  and  not  the  azo  moiety  as  widely  assumed.) 

Of  course,  depending  upon  mechanism,  decomposition  temperature  for  a 
chromophore  may  vary  with  lattice.  For  example,  if  decomposition  is  by  a  bimolecular 
mechanism  involving  the  chromophore  and  oxygen,  then  the  decomposition  kinetics  may 
depend  upon  diffusion  of  oxygen  in  the  final  polymer  lattice. 

In  Fig.  3,  we  list  representative  chromophores  which  have  been  synthesized  in  the 
search  for  chromophores  with  improved  hyperpolarizability  and  thermal  stability.  In  this 
figure,  we  represent  hyperpolarizability  relative  to  DANS  and  thermal  decomposition 
temperature  (where  available). 

Of  course,  even  if  a  chromophore  is  found  with  large  hyperpolarizability  and  good 
thermal  stability,  success  is  not  assured.  One  must  succeed  in  incorporating  this 
chromophore  in  high  concentration  into  an  appropriate  polymer  lattice,  must  realize  a  high 
degree  on  noncentrosymmetric  order,  and  must  process  the  resulting  poled  polymer  into  a 
buried  channel  waveguide  structure.  All  of  these  requirements  demand  a  certain  degree  of 
trial  and  error  so  that  a  large  number  of  chromophores  must  be  synthesized  to  appropriately 
define  all  relevant  structure/function  relationships. 

4.2  Preparation  of  stabilized  noncentrosymmetric  lattices  incorporating  high  p  chromophores 
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Fabrication  of  electro-optic  devices  relies  upon  the  macroscopic  second  order 
susceptibility,  which  in  term  is  related  to  molecular  hyperpolarizability,  (3,  by  the 
approximate  relationship 


x(2)  =  NFP<cos30> 

The  requirement  of  noncentrosymmetric  macroscopic  symmetry  appears  in  the  polar  order 
parameter  <cos3e>.  F  contains  all  local  field  effects.  As  it  turns  out,  optimization  of 
chromophore  loading  (number  density  N)  and  chromophore  order  is  not  easily  accomplished 
for  high  pP  materials.  If  chromophore  loading  could  be  easily  optimized  to  point  of 
approaching  a  pure  chromophore  lattice  and  if  ordering  efficiencies  approaching  perfect 
chromophore  ordering  could  be  achieved,  it  is  quite  clear  that  electro-optic  coefficients  in  the 
range  of  hundreds  of  picometers  per  volt  could  be  achieved  with  existing  chromophores.  For 
such  values,  the  performance  of  second  order  materials  begins  to  approach  to  within  an 
order  of  magnitude  the  efficiency  of  liquid  crystal  materials  in  effecting  modulation  although 
the  switching  speed  of  second  order  materials  is  more  than  a  million  times  faster  than  the 
switching  speed  of  liquid  crystal  materials.  If  an  electro-optic  coefficient  on  the  order  of  a 
thousand  picometers  per  volt  could  be  obtained,  it  is  clear  that  major  technological 
applications  of  second  order  nonlinear  optical  materials  could  be  realized.  For  example, 
beam  steering  (spatial  light  modulation)  applications  as  well  as  electro-optic  modulation 
applications  could  be  accomplished. 

Unfortunately,  the  electrostatic  repulsion  between  high  pp  chromophores  opposes 

optimization  of  both  of  these  parameters.  Since  <cos3e>  is  defined  by  the  competition 
between  poling  field-molecular  dipole  interactions  and  dipole-dipole  repulsive  interactions,  it 
is  not  a  simple  matter  to  estimate  molecular  order  for  a  given  poling  field  unless  chromophore 
concentrations  are  sufficiently  low  that  dipole-dipole  interactions  are  unimportant.  The 
preceding  statement  can  be  expressed  approximately  in  a  mathematical  form  as 

<ccs30>  =  (pEpF/5kT)(1  -  L2(W/kT)) 

where  Ep  is  the  electric  poling  field  and  L  is  the  Langevin  function.  The  intermolecular 
potential  associated  with  chromophore-chromophore  interactions  can  be  expressed  as 

Wcos<))  where  ^  is  the  angle  between  the  chromophore  dipole,  p,  axis  and  the  directional  field 
from  surrounding  molecules  (chromophores).  London  [14]  has  shown  that  interaction  energy 
between  two  polarizable  dipoles  arises  from  three  forces;  namely,  the  van  der  Waals  force, 
the  orientational  force,  and  the  induction  force.  The  statistically  averaged  potential  energy 
can  be  represented  as  [14] 

W  =  2p-»/(3r6kT)  2p2a/r6  +  3la2/4r6 

where  r  is  the  average  distance  between  chromophore  dipoles  and  I  is  the  ionization 
potential.  Accurate  calculations  using  the  above  theory  are  not  trivial  to  carry  out  when 
corona  poling  is  employed  and  accurate  calculations  require  some  modeling  of  polymer 
dynamics  to  assess  the  closest  approach  distance.  However,  if  representative  poling  fields 
are  estimated,  the  approximate  observation  can  be  made  that  reduction  of  <cos30>  can  be 
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significant  for  chromophore-chromophore  separations  of  1  nm  or  less.  Such  small 
separations  appear  not  to  have  been  achieved  in  composite  systems  due  to  poor  solubility  of 
the  chromophore  in  the  host  polymer  but  can  quite  readily  be  realized  for  covalent 
incorporation  of  chromophores. 

We  have  found  qualitatively  that  dipolar  repulsive  interactions  begin  to  dominate  for 
chromophore  concentrations  between  40  and  75  weight  percent.  This  statement  is  based 

upon  observations  of  a  maximum  in  graphs  of  versus  chromophore  concentration  for 
covalently  incorporated  chromophores  (where  we  can  assume  that  chromophore  aggregation 
has  been  avoided). 

Twieg  and  coworkers  [11b]  have  made  the  important  observation  that  long  term 
thermal  s’.ability  correlates  well  with  the  difference  between  thvi  glass  transition  of  the  final 
polymer  matrix  and  the  temperature  at  which  that  matrix  is  used.  For  processing 
temperatures  on  the  order  of  250°C  and  use  temperatures  on  the  order  of  100°C,  their  data 
suggest  that  the  hardened  (final)  polymer  lattice  must  have  a  glass  transition  temperature 
greater  than  300°C. 

Let  us  review  the  various  scenarios  for  achieving  stabilized  (high  Tg) 
noncentrosymmetric  lattices  reflecting  adequate  values  of  N  and  <cos36>.  Three  general 
approaches  have  been  used  to  achieve  noncentrosymmetric  second  order  lattices;  namely, 

(1)  exploitation  of  molecular  self-assembly-most  notably,  crystal  growth,  incorporation  into 
inclusion  compounds,  or  formation  of  liquid  crystalline  (ordered)  domains  in  the  bulk  material; 

(2)  sequential  synthesis  exploiting  Van  der  Waals,  ionic,  or  covalent  interactions,  and  (3) 
utilization  of  external  force,  e.g.,  induction  of  molecular  order  by  electric  field  poling.  We  note 
that  the  preceding  classification  scheme  is  somewhat  arbitrary  as  sequential  synthesis 
methods  obviously  involve  the  concept  of  molecular  self-assembly. 

Molecular  self-assembly  [10,15]  is,  of  course,  chromophore  specific  and  natural 
formation  of  noncentrosymmetric  lattices  is  quite  rare  due  to  dipolar  repulsion  between 
chromophores.  Moreover,  coupling  of  organic  crystals  to  fiber  optic  transmission  lines  and 
interface  of  organic  crystals  to  drive  electrodes  in  electro-optic  modulators  poses  difficulties. 
Although  this  comment  also  applies  to  inorganic  crystals  such  as  lithium  niobate,  specialized 
techniques  have  been  developed  for  lithium  niobate  crystals  which  (although  costly  and 
complicated)  do  permit  system  integration  of  such  crystal  modulators;  it  is  not  clear  that  these 
are  easily  adapted  to  organic  crystals.  It  is  also  not  a  trivial  matter  to  design  chemical 
reactivities  into  crystalline  materials  which  can  be  used  to  harden  crystals  by  solid  state 
reactions.  While  crystal  growth  continues  to  hold  promise  for  some  applications  such  as 
frequency  doubling,  this  approach  currently  is  not  the  method  of  choice  for  preparation  of 
materials  for  electro-optic  modulation  applications.  However,  considering  that  electro-optic 
coefficients  on  the  order  of  400  pmN  at  820  nm  have  been  measured  for  single  crystals  of 
the  organic  salt  4’-dimethylamino-N-methyl-4-stilbazolium  tosylate  (DAST)  [5],  it  should  be 
realized  that  a  breakthrough  in  crystal  fabrication  could  dramatically  change  the  picture  of 
application  of  organic  nonlinear  optical  materials. 

With  ordered  phases,  such  as  liquid  crystalline  materials,  the  problem  of  stabilizing  the 
phase  to  withstand  processing  into  integrated  devices  must  be  overcome.  Lattice  hardening 
techniques,  such  as  those  to  be  shortly  discussed  in  the  consideration  of  poled  polymers,  are 
required. 

A  variety  of  sequential  synthesis  methods  have  been  adapted  to  the  preparation  of 
noncentrosymmetric  lattices.  These  include  Langmuir-Blodgett  methods  [10,16],  Merrifield- 
type  stepwise  covalent  coupling  reactions  [10,17],  stepwise  ionic  coupling  reactions  [10,18], 
and  modified  molecular  beam  epitaxy  methods  [10,19].  Sequential  synthesis  methods  afford 
the  advantage  of  permitting  the  preparation  of  thin  films  of  precisely  controlled  dimensions 
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which  can  be  quite  useful  in  phase-matched  second  harmonic  generation.  However, 
fabrication  of  highly  ordered  films  of  thicknesses  on  the  order  of  1  micron  becomes  quite 
labor  intensive.  Thus,  while  sequential  methods  afford  the  possibility  of  very  high  order  and 
the  preparation  of  intricate  and  highly  defined  structures  [10,16-19],  such  methods  cannot 
currently  be  viewed  as  the  method  of  choice  for  fabricating  prototype  electro-optic 
modulators.  The  current  method  of  choice  for  the  fabrication  of  noncentrosymmetric  lattices 
used  in  electro-optic  modulators  appears  to  be  electric-field  poling.  As  with  crystal  growth 
mentioned  above,  a  breakthrough  in  sequential  synthesis  methodology  could  dramatically 
alter  the  current  view  of  preferred  fabrication  methods. 

Electric-field  poling  can  be  applied  quite  generally  to  dipolar  chromophores  existing  as 
components  of  polymer  composites,  as  pendants  covalently  coupled  to  polymer  backbones, 
or  as  covalently-incorporated  components  of  polymer  backbones  [10,20].  Utilization  of 
composites  has  the  advantage  of  convenience  as  commercially  available  chromophores  and 
host  polymers  can  frequently  be  employed  without  chemical  modification.  Indeed,  historically 
this  was  the  first  approach  explored  but  it  was  soon  realized  this  approach  resulted  in 
insufficient  chromphore  orientational  stability  when  conventional  elastomeric  polymers  (e.g., 
polymethylmethacrylate,  PMMA)  were  employed  as  host  lattices.  More  recently,  composite 
fabrication  has  been  revitalized  by  the  use  of  high  thermal  stability  polymer  lattices  such  as 
polyimides  [10,21,22]. 

Disadvantages  of  composite  materials,  in  addition  to  poor  coupling  of  the  chromophore 
dynamics  to  that  of  the  host  polymer  leading  to  relaxation  of  poling-induced  order,  include 
finite  solubility  of  the  nonlinear  optical  chromophore  in  the  host  polymer,  phase  separation 
and  aggregation,  sublimation  of  chromophores  at  high  processing  temperatures,  dissolution 
of  chromophores  with  application  of  cladding  layers,  and  a  plasticizing  effect  on  the  host 
lattice. 

Attachment  of  chromophores  as  pendants  to  flexible  chain  polymer  backbones  or 
incorporation  of  chromophores  as  components  of  the  polymer  backbone  leads  to 
improvement  in  the  stability  of  poling-induced  order  relative  to  composite  materials;  however, 
realization  of  stability  at  temperatures  above  ambient  requires  further  lattice  hardening 
reactions.  Work  on  lattice  hardening  dates  from  the  pioneering  efforts  of  Marks  and 
coworkers  [23]  and  of  Eich  and  coworkers  [23]  on  thermosetting  epoxy  polymers. 

In  the  following,  we  discuss  three  general  schemes  for  achieving  lattice  hardening  (Tg 
elevation)  subsequent  to  effecting  noncentrosymmetric  order  by  electric  field  poling.  These 
include  (1)  use  of  end-functionalized  chromophores  to  carry  out  a  two-step  synthesis  of  a 
hardened,  noncentrosymmetric  lattice  [24].  In  the  first  step  (polymerization  reaction),  a 
processible  precursor  polymer  is  synthesized,  spin  cast  into  an  optical  quality  film,  heated 
and  poled.  The  second  step  consists  of  an  addition  or  condensation  reaction  to  produce  a 
heavily-crosslinked  (hardened)  matrix.  (2)  The  second  approach  exploits  the  well-known 
imidization  reaction  to  achieve  lattice  hardening  [10, 20-22, 24c, 24e, 25].  (3)  The  third 
procedure  uses  multi-functional  chromophores  to  achieve  a  tightly  coupled  three-dimensional 
lattice.  This  approach  can  be  viewed  as  analogous  to  sol-gel  processing  of  glasses 
[10,20,26]  or  as  a  modification  of  the  first  procedure  where  steps  one  and  two  are  not  clearly 
separated. 

A  schematic  representation  of  the  first  procedure  is  shown  in  Fig.  4.  The  left  hand  side 
of  Fig.  4  (denoted  I)  shows  production  of  a  hardened  lattice  by  exploiting  asymmetric 
reactivities.  For  example,  the  end  of  the  chromophore  denoted  "B"  typically  contains  an 
electron  withdrawing  substituent  such  as  a  nitro  or  sulfonyl  group  and  a  reactive  functional 
group  such  as  an  acrylate  group.  The  end  denoted  "A"  typically  contains  and  electron 
donating  group  such  as  an  amine  group  and  a  reactive  functionality  such  as  an  amine  or 


hydroxyl  group.  Representative  fabrication  of  a  hardened  lattice  would  involve  (1)  forming  a 
processible  prepolymer  by  addition  polymerization  involving  the  methacylate  functionality: 
processing  this  prepolymer  into  a  thin  film  by  spin  casing:  and  poling  the  film  near  the  glass 
transition  temperature  of  the  prepolymer.  (2)  A  hardened  lattice  is  produced  by  a  subsequent 
condensation  (crosslinking)  reaction  involving  the  hydroxyl  functionality.  In  part  II  of  this 
figure,  the  chromophore  is  terminated  at  both  ends  by  the  same  functionality  so  that  a  main 
chain  prepolymer  is  obtained.  Lattice  hardening  is  effected  by  the  crosslinking  functionality 
(denoted  XL)  which  is  incorporated  into  the  main  chain  of  the  prepolymer.  This  functionality 
may  exploit  either  addition  or  condensation  reactivity.  It  is  clear  that  highly  crosslinked 
matrices  can  be  obtained  by  both  of  these  approaches:  a  somewhat  higher  crosslink  density 
ma''  be  possible  with  the  latter  approach.  The  effect  f'f  the  final  crosslinking  step  upon 
improving  the  stability  of  optical  nonlinearity  is  shown  in  Fig.  5:  the  data  shown  in  this  figure 
was  obtained  for  a  polymer  prepared  according  to  the  scheme  shown  on  the  left  hand  side  of 
Fig.  4  [24a].  We  have  also  found  it  useful  to  employ  a  dynamic  assay  of  the  thermostability  of 
nonlinear  optical  activity.  In  Fig.  6,  we  show  a  schematic  representation  of  the  experimental 
arrangement  used  to  effect  such  measurements:  and  in  Fig.  7,  we  show  representative  data. 
In  the  dynamical  analysis,  second  harmonic  generation  efficiency  is  constantly  monitored  as 
a  function  of  increasing  the  sample  temperature  at  a  constant  rate  (typically  10°C  per 
minute).  The  data  shown  in  Fig.  7  was  obtained  for  the  same  material  as  the  data  shown  in 
Fig.  5  [24a].  Comparison  of  data  such  as  shown  in  Fig.  7  with  thermal  gravimetric  analysis 
data  is  useful  in  understanding  the  roles  of  both  lattice  (polymer)  dynamics  and  lattice 
decomposition  in  loss  of  optical  nonlinearity  at  elevated  temperatures.  Detailed  analysis  of 
dynamic  NLO  data  such  as  shown  in  Fig.  7  is  also  useful  in  accessing  the  effectiveness  of 
lattice  hardening  reactions.  A  step  trace,  which  reflects  incomplete  loss  of  NLO  activity  (such 
as  shown  in  Fig,  8),  can  be  indicative  of  incomplete  lattice  crosslinking.  The  step  nature  of 
the  curve  reflects  the  existence  of  regions  of  the  lattice  with  different  crosslinking  densities. 
The  progress  of  lattice  hardening  can  be  investigated  by  repeating  dynamic  measurements 
on  samples  exposed  to  different  reaction  conditions.  Such  studies,  together  with  pressure- 
dependence  studies  to  assess  the  dependence  of  free  volume  upon  crosslinking,  should 
prove  useful  in  both  optimizing  lattice  hardening  protocols  and  in  assessing  the  limits  of  this 
approach  for  enhancing  thermal  stability  of  NLO  lattices.  As  might  be  expected,  an  empirical 
relationship  can  be  established  between  dynamic  and  static  assays  of  thermal  stability:  long 
term  stability  is  routinely  observed  for  temperatures  30°C  or  more  below  the  temperature  at 
which  loss  of  NLO  activity  is  first  observed  in  the  dynamic  assays. 

Some  general  comments  can  be  made  concerning  the  current  state-of-the-art  for  using 
procedure  1  to  enhance  thermal  stability  of  poling-induced  second  order  optical  nonlinearity. 
Currently,  stability  for  periods  of  several  thousand  hours  at  temperatures  in  the  range  90  to 
150°C  are  realized  with  this  approach.  This  is  by  no  means  the  ultimate  stability  possible 
with  this  approach  since  complete  lattice  hardening  has  not  likely  been  realized  and  the 
polymers  currently  used  contain  extended  flexible  chain  segments.  Reduction  of  the  extent 
of  flexible  chain  segments  should  permit  long  term  stability  at  higher  temperatures  to  be 
realized:  however,  this  improvement  may  be  at  the  price  of  some  reduction  in  poling 
efficiency.  Employing  azobenzene  chromophores,  we  have  achieved  thermally  stable  ras 
values  in  the  range  7-13  pmA/  (using  a  sulfonyl  acceptor)  and  14-20  pmA/  (using  a  nitro 
group  acceptor)  [24a].  Waveguides  with  optical  losses,  at  1 .3  micron  wavelength,  on  the 
order  of  0.1  dB/cm  have  been  fabricated  from  these  materials.  With  high  p  chromophores, 
thermally-stable  electro-optic  coefficient  values  of  30  pmA/  have  been  achieved  although  it 
should  be  noted  that  these  values  do  not  reflect  the  optimization  of  poling  protocols  for  these 
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materials.  Representative  syntheses  of  polymer  lattices  incorporating  high  pp  chromophores 
are  shown  in  Figs.  9  and  1 0. 

Two  general  synthetic  approaches  have  been  employed  to  achieve  modified  polyimide 
lattices  containing  covalently  incorporated  chromophores.  These  schemes  are  illustrated  in 
Fig.  11  and  representative  data  on  the  thermal  stability  of  NLO  activity  is  shown  in  Fig.  12. 
The  behavior  observed  for  these  modified  polyimide  systems  is  similar  to  that  observed  for 
the  lattices  prepared  by  procedure  1.  Electro-optic  coefficients  are  slightly  less  and  the 
thermal  stability  is  slightly  superior  (long  term  stability  has  been  observed  to  temperatures  as 
high  as  175°C).  The  processing  protocol  is  similar  between  procedures  1  and  2  in  that  in 
both  cases  a  processible  precursor  (to  the  final  hardened  polymer)  polymer  is  prepared.  In 
procedure  2,  the  process.ble  material  is  a  polyamic  acid.  A  problem  with  the  irr..dization  step 
is  that  quite  high  temperatures  are  required  for  complete  imidization.  If  these  temperatures 
are  not  achieved  in  the  hardening  step,  then  lattice  condensation  may  occur  during  thermal 
aging  at  elevated  temperatures.  We  typically  observed  this  phenomena  as  a  slow  loss  of 
optical  nonlinearity  with  aging.  Another  feature  of  modified  polyimides  worth  noting  is  that, 
depending  upon  the  exact  nature  of  the  structure,  it  may  be  difficult  to  achieve  films  of  high 
optical  quality.  This  is  likely  due  to  the  fact  that  spin  casting  options  (e.g.,  choice  of  solvent) 
are  more  limited  for  modified  polyamic  acids  than  for  the  precursor  polymers  of  procedure  1 . 

Two  different  schemes  following  procedure  3  are  illustrated  in  Figs.  13  and  14  and 
representative  thermal  stability  data  is  shown  in  Fig.  15.  Again,  in  the  broader  sense, 
comparable  thermal  stability  and  optical  nonlinearities  are  observed  for  this  approach  as  for 
procedures  1  and  2.  At  a  closer  level  of  comparison  the  magnitudes  of  the  electro-optic 
coefficients  and  the  thermal  stability  of  nonlinear  optical  activity  are  not  quite  as  good  with 
this  approach:  this  observation  likely  reflects  the  fact  that  the  poling  and  lattice  hardening 
steps  are  not  cleanly  separated  and  the  latter  interferes  with  the  former.  Moreover,  complete 
lattice  hardening  is  realized  only  at  elevated  temperatures  so  that  temporal  stability  studies 
often  reveal  a  slow  evolution  of  optical  nonlinearity.  Of  course,  an  advantage  of  procedure  3 
is  that  it  permits  modified  sol-gel  glasses  to  be  prepared  which  may  be  of  potential  utility  for 
interfacing  with  fiber  optic  transmission  lines. 

At  this  point  in  time  no  absolute  preference  can  be  argued  for  one  of  the  above  three 
procedures  although  prototype  devices  have  largely  been  fabricated  employing  procedures  1 
and  2.  Clearly,  more  effort  is  required  to  optimize  and  evaluate  each  of  the  approaches.  On 
the  positive  side,  it  is  already  clear  that  any  of  the  above  approaches  can  fulfill  the  thermal 
requirements  for  some  electro-optic  modulator  applications. 

The  importance  of  electric  field  poling  protocol  should  be  evident  from  a  consideration 
of  the  above  procedures  and  particularly  for  procedure  3.  Using  corona  poling,  we  frequently 
employ  protocols  which  involve  different  sequences  of  stepped  increases  in  poling  field  and 

temperature.  Various  protocols  are  explored  to  optimize  <cos30>.  Of  course,  materials  must 
be  free  of  ionic  and  dipolar  impurities  to  avoid  breakdown  and  ionic  conductivity  as  the  poling 
field  is  increased.  Optimum  poling  leads  to  a  stable  maximum  of  optical  nonlinearity  with 
poling  voltage. 

A  number  of  research  groups  are  beginning  the  much  needed  detailed  study  of  poling 
(e.g.,  distribution  of  space  charge)  and  subsequent  relaxation  of  charge  and  of  molecular 
order  in  poled  polymers  [27]. 

A  variety  of  additional  schemes  for  realizing  hardened  lattices,  including  the 
development  of  interpenetrating  polymer  networks  by  Tripathy  [28],  have  also  been  pursued. 
In  addition  to  the  literature  already  cited,  the  reader  is  referred  to  a  recent  review  by  Borland, 
Miller,  and  Walsh  [29]. 
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4.3  Preparation  of  buried  channel  nonlinear  optical  waveguides 

Four  different  procedures  have  been  utilized  for  the  fabrication  of  buried  channel 
nonlinear  optical  waveguides  [10,20,30].  These  include  (1)  photochemical  processing 
[10,20,30],  (2)  reactive  ion  etching  (RIE)  [10,20,30e],  (3)  laser  etching  [10,20],  and  (4) 
spatially  selective  poling  [10]. 

A  variety  of  photochemical  processes  can  lead  to  reduction  in  index  of  refraction  or 
change  in  birefringence  necessary  to  prepare  a  channel  waveguide  structure  [10].  These 
include  trans-to-cis  isomerizations  (such  as  encountered  with  azobenzene  chromophores), 
ring  opening  reactions,  photo-induced  keto-enol  tautomerism,  interconversion  between 
charge  transfer  conformations,  polymerization  reactions,  etc.  Most  of  the  photO'~hemical 
processing  reported  in  the  literature,  including  the  work  carried  out  at  USC,  has  focused  upon 
trans-to-cis  isomerization  [10].  Note  that  the  actual  mechanism  of  index  change  observed  for 
azobenzenes  is  more  complex  than  simple  trans-to-cis  isomerization  and  likely  involves  rapid 
relaxation  back  to  the  trans  conformation  but  in  such  a  manner  that  the  net  effect  is  that  of 
molecular  reorientation. 

Photochemical  processing  can  be  used  to  fabricate  a  buried  channel  waveguide 
directly  without  deposition  of  a  cladding  layer.  The  procedure  involves  two  step,  two  color 
processing  with  change  of  the  mask  between  steps.  The  development  of  a  buried  channel  by 
this  procedure  depends  upon  the  fact  that  the  penetration  of  the  radiation  into  the  sample  will 
depend  upon  radiation  wavelength.  The  first  step  involves  use  of  a  mask  to  protect  a  channel 
of  high  index,  nonlinear  optical  material  from  the  top  of  the  film  to  the  bottom.  Radiation  at  a 
wavelength  characterized  by  low  absorption  (hence  good  penetration  through  the  film)  is 
used  to  reduce  the  index  of  refraction  of  the  material  around  the  protected  region.  The  low 
absorption  must,  of  course,  be  offset  by  a  long  exposure  time  to  achieve  effective  bleaching. 
Following  this  step,  the  mask  is  removed  and  the  unbleached  region  is  exposed  to  radiation 
of  a  wavelength  corresponding  to  (or  closer  to)  the  absorption  maximum.  Electromagnetic 
radiation  of  such  a  wavelength  has  a  shallow  penetration  depth  so  bleaches  only  the 
uppermost  region  creating  a  buried  channel  of  unbleached,  nonlinear  optical  material. 
Moving  from  the  bottom  to  the  top  of  the  material  (Fig.  16a),  one  finds  (1)  the  lower  cladding 
layer,  (2)  the  unbleached,  high  index,  nonlinear  optically  active  channel,  and  (3)  the 
bleached,  low  index  upper  layer.  Thus,  a  buried  channel  of  nonlinear  optical  material 
(waveguide)  has  been  effected  without  deposition  of  an  upper  cladding  layer. 

A  serious  problem  in  system  integration  is  that  of  coupling  the  rather  small  (e.g.,  1  to  3 
micron)  waveguide  of  an  electro-optic  modulator  to  the  large  waveguide  structure  of  a  fiber 
optic  transmission  line.  One  approach  to  this  procedure  is  to  develop  a  tapered  waveguide 
structure  progressing  from  a  few  microns  to  approximately  8-10  microns.  (Other  approahes 
include  control  of  both  depth  and  width  of  the  waveguide  to  ensure  single  mode  operation 
while  achieving  adequate  mode  overlap  and  the  use  of  a  focusing  lens  to  optimize  coupling.) 
However,  large  waveguide  dimensions  pose  problems  for  single  mode  operation.  Let  us 
briefly  review  the  criteria  for  single  mode  guiding. 

For  single  mode  operation,  local  gradients,  if  large,  must  be  sufficiently  small  in  size 

(0.5-1 .5  pm  for  refractive  index  differences  between  0.5  and  1 .5).  This  is  fine  for  small  device 
dimensions,  but  leads  to  a  gross  mismatch  with  the  larger  mode  sizes  of  optical  fibers 
because  these  have  small,  graded  index  (small  An)  cores.  This  mismatch  has  been  a 
persistent  problem  to  device  development  with  NLO  polymer  materials  because  unless 
polymer  claddings  are  closely  matched  in  index,  single  mode  operation  requires  small 
waveguide  dimensions  which  mismatch  fiber  mode  sizes.  Early  innovations  to  make  thick 
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films  with  small  An  claddings  and  boundaries  (0.01-0.03  for  10  ^irr  waveguide  dimensions)  for 
channel  waveguides  led  to  innovations  in  specialized  claddings  such  as  NLO  polymer  blends, 
e.g.,  the  HCC  1 232-1 232A  polymers  developed  in  the  late  1980's  by  Hoechst  Celanese  [31]. 

A  number  of  methods  for  creating  large  single  mode  (small  An)  waveguides  have  been 
developed  including  reactive  ion  etching  (RIE)  of  ribs  in  small  An  claddings  [30e,32],  and 

induced  birefringence  in  small  An  claddings  [33]. 

An  inherent  shortcoming  of  all  approaches  to  make  large  single-mode  waveguides  in 
thin  films  stems  directly  from  the  need  for  small  An  boundaries.  This  necessitates  thick 
cladding  layers  because  large  single  modes  are  strongly  evanescent  in  small  An  claddings: 
however,  thick  claddings  result  in  low  device  sensitivity  because  of  large  electrode  spacings. 
Moreover,  serious  fabrication  difficulties  (cracking  of  film  laminates,  solvent  damage,  and 
other  stress- related  problems)  are  encountered  with  thick  claddings. 

The  multi-color  photolithography  technique  mentioned  above  is  ideally  suited  for 
processing  buried  channel  (small  An)  waveguides  without  the  requirement  of  cladding  layers. 
Small  An  gradients  can  be  realized  by  exploiting  the  known  penetration  profiles  of 
electromagnetic  radiation  of  various  wavelengths  into  the  photoactive  polymer  material.  The 
tapered  transition  shown  in  Fig.  1c  which  can  be  effected  by  a  combination  of  photochemical 
processing  and  reactive  ion  etching  provides  a  particularly  attractive  route  to  satisfying  the 
requirements  for  single  mode  guiding,  good  coupling  efficiency,  and  high  modulator 
efficiency. 

To  accomplish  the  precise  index  control  discussed  above,  one  must  be  able  to  model 
the  photochemical  processing  (dynamics)  with  high  accuracy.  Photochemical  modeling 
appears  to  be  well  in  hand  for  azobenzene  and  stilbene  type  chromophores  [10,20,30,34]. 

The  second  method  that  we  have  employed  to  fabricate  buried  channel  waveguides  is 
reactive  ion  etching  and  the  general  scheme  is  outlined  in  Fig.  17.  An  oxygen  plasma  is 
known  to  react  with  most  organic  polymers.  This  method  does  not  change  the  refractive 
index  but  rather  the  shape  of  the  thin  films  as  indicateo  in  Fig.  17.  Most  waveguides 
prepared  with  RIE  have  a  ridge  cross  section  so  the  waveguide  area  is  protected  and  the 
surrounding  area  is  exposed  to  an  oxygen  plasma.  In  our  experiments,  we  typically  coat  a 
layer  of  photoresist  (Shipley  1400-17)  directly  on  to  the  surface  of  a  poled  polymer  film  so 
that  an  etch  mask  can  be  defined  to  protect  the  desired  waveguide  region.  We  use  a  mask 
aligner  and  a  laser  patterned  photomask  in  our  photolithographic  process.  The  etch  mask  is 
obtained  after  development  and  rinse  with  deionized  water.  The  structure  is  then  etched  in  a 
Plasma  Technology  model  DP80M  RIE  apparatus  employing  200  millitorr  oxygen  pressure 
and  1 00  watts  radiofrequency  power.  For  a  typical  azobenzene  containing  polymer  such  as 
discussed  above,  the  initial  etch  rate  was  approximately  sixty  angstroms/second  while  the 
etch  rate  of  the  photoresist  was  on  the  order  of  approximately  twenty  angstroms/second.  An 
advantage  of  the  RIE  method  is  that  It  is  compatible  with  silicon  v-groove  technology  for  the 
pigtailing  of  the  nonlinear  optical  channel  to  fiber  optic  transmission  lines.  Moreover,  the  RIE 
method  can  be  more  generally  applied  than  photochemical  processing  in  that  it  does  not 
require  the  presence  of  a  photoactive  species.  Finally,  we  note  that  RIE  avoids  the  problem 
of  unwanted  photochemical  aging  of  structures  with  exposure  to  environmental  radiation 
during  the  lifetime  of  the  device.  However,  we  emphasize  that  it  is  clearly  possible  to  use 
more  than  one  technique  in  processing  a  material  for  nonlinear  optical  applications  and  it  is 
possible  to  encapsulate  materials  to  avoid  environmental  radiation;  thus,  a  discussion  of  the 
advantages  of  one  method  versus  another  is  somewhat  misleading.  To  make  this  point  more 
explicit  we  show  a  schematic  representation  in  Fig.  1c  of  an  optical  switching  node  in  a  cable 
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network  which  is  fabricated  by  a  combination  of  multi-color  photochemical  processing  and 
reactive  ion  etching  techniques. 

As  discussed  above,  index  of  refraction  variations  and  the  dimensions  of  the  buried 
channel  structure  define  mode  propagation  characteristics  of  the  waveguide.  Single  mode 
propagation  is  desired  in  many  devices  such  as  integrated  Mach-Zehnder  interferometers. 
Since  the  indices  of  the  films  are  fixed  and  not  easily  varied  (except  by  photochemical 
processing  as  discussed  above),  we  choose  two  parameters,  film  thickness  and  etching 
depth,  to  control  modal  characteristics  when  using  RIE.  From  the  standpoint  of  optical  fiber 
coupling,  we  desire  to  maximize  the  waveguide  cross  section  to  reduce  coupling  losses. 
Thus,  we  first  calculate  the  maximum  film  thickness  using  the  effective  index  method,  to 
determine  the  maximum  waveguide  width  at  a  given  etch  depth  and  maximum  fi'm  thickness 
for  single  mode  operation.  The  dimensional  requirements  for  single  mode  operation  in  our 
polyimide  polymer  of  Fig.  11b  are  shown  in  Fig.  17b.  This  approach  optimizes  modulator 
waveguide/fiber  mode  overlap  without  resorting  to  the  tapered  transition  of  Fig.  1c;  thus, 
photochemical  processing  is  avoided. 

Laser  etching  is  analogous  to  RIE  but  uses  laser  ablation  to  define  the  ridge  or 
channel.  Care  must  be  taken  in  this  process  to  insure  that  the  active  region  temperature 
does  not  exceed  the  depoling  temperature  of  the  polymer  or  alternately  the  poling  must  be 
poled  after  the  laser  etch  process. 

Spatially  selective  poling  produces  a  birefringence  of  aligned  poled  material.  This 
approach  suffers  from  the  disadvantage  of  limiting  poling  configuration  so  that  corona  and  in- 
plane  configurations  are  not  conveniently  used.  The  result  is  often  some  reduction  in  poling 
efficiency. 

^  4  Integration  of  NLO  waveguides  into  circuits,  devices,  and  networks 

A  schematic  representation  of  a  representative  electro-optic  modulator  and  associated 
test  bed  is  shown  in  Fig.  18.  It  is  clear  that  once  a  buried  channel  nonlinear  optical 
waveguide  has  been  fabricated  these  components  must  be  integrated  with  the  remaining 
optical  and  electronic  circuitry. 

Optical  integration  has  been  accomplished  either  by  prism  coupling  or  by  pigtailing  to 
fiber  optic  transmission  lines.  Prism  coupling  is  convenient  and  has  been  the  most  commonly 
used  approach.  However,  this  mode  of  coupling  is  not  commercially  viable  and  is  of  utility 
only  for  prototype  device  demonstration.  Commercial  applications  of  electro-optic  modulators 
require  a  compact,  efficient,  and  mechanically  stable  coupling  to  commercially  available  fiber 
optic  transmission  lines.  Pigtailing  to  fiber  optic  lines  appears  to  be  a  critical  area  for  the 
development  of  practical  electro-optic  modulators.  The  have  chosen  to  effect  pigtailing  by 
exploiting  silicon  v-groove  technology.  A  typical  coupling  scheme  is  shown  in  Fig.  19.  A 
meaningful  evaluation  of  the  ultimate  coupling  efficiency  which  can  be  realized  by  this 
approach  cannot  be  given  at  this  time.  Indeed,  a  great  deal  remains  to  be  done  to  optimize 
coupling  efficiency,  e.g.,  photochemical  tuning  of  indices  of  refraction  to  achieve  optimum 
coupling  as  discussed  above.  However,  this  technique  works  sufficiently  well  at  this  time  to 
permit  construction  and  evaluation  of  prototype  devices. 

Deposition  of  metal  electrodes  and  optimization  of  the  coupling  of  radiofrequency 
(microwave,  millimeter  wave)  radiation  into  the  nonlinear  optical  waveguides  is  again  a 
process  which  can  be  reasonably  well  accomplished  with  current  materials  but  is  an  area 
where  improvements  can  be  carried  out  by  improved  electrode  design,  by  development  of 
improved  materials,  and  by  development  of  creative  processing  techniques. 
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As  most  modulators  have  been  fabricated  in  a  Mach-Zehnder  configuration,  let  us,  in 
this  discussion,  illustrate  the  birefringence  modulator  which  can  be  used  either  as  a  phase  or 
a  birefringence  amplitude  modulator.  If  the  input  is  either  a  pure  TE  or  a  pure  TM  mode,  the 
device  acts  as  a  phase  modulator.  If  the  input  beam  excites  both  TE  and  TM  modes,  the 
birefringence  of  the  waveguide  is  changed  by  the  applied  voltage  and  the  output  polarization 
changes  according  to  the  modulation  field.  The  analyzer  shown  in  Fig.  1b  converts  the 
polarization  modulation  into  an  amplitude  modulation.  Representative  modulation  signals  are 
shown  in  Fig  20.  These  signals  were  detected  using  an  InGaAs  p-i-n  photodetector 
(Fermionics  FD80S)  and  monitored  by  a  Hewlett-Packard  HP8652A  spectrum  analyzer  or 
displayed  directly  on  an  oscilloscope  (for  low  frequecny  modulation).  Although  these  signals 
were  obtained  using  thick  cladding  layers  (total  device  thickness  approximately  15  microns) 
and  the  modulator  uses  only  2/3  of  the  available  raa  nonlinearity,  a  half-wave  \/n  voltage  of  35 
volts  was  obtained  using  a  15  mm  electrode  (this  corresponds  to  an  electro-optic  coefficient 
of  12  pm/V  which  was  expected  for  the  azobenzene  incorporated  polymer  used). 

For  the  sake  of  completeness,  it  is  appropriate  to  review  the  fabrication  of  the 
modulator  used  to  obtain  the  data  shown  in  Fig.  20.  The  nonlinear  optical  material  is  an 
azobenzene  containing  polyurethane  processed  according  to  procedure  3.  Fused  quartz 
slides  (ESCO  products,  Inc.)  were  used  as  substrate  materials.  A  layer  of  gold 
(approximately  0.5  micron  thick)  was  sputtered  using  an  argon  plasma  sputtering  system. 
The  lower  and  upper  polymer  claddings  were  cast  from  commercial  polyurethane  (Epoxylite 
9653-1).  The  lower  cladding  was  first  spin-cast  on  the  gold  coated  substrate  as  was  baked  at 
90°C  for  several  hours.  The  NLO  material  was  dissolved  in  dioxane  and  was  spin  cast  into 
approximately  one  micron  films  using  a  spin  speed  of  approximately  1000  rpm.  The  film  was 
then  heated  and  poled  using  a  corona  discharge  set-up  with  needle  to  plane  distance  of 
approximately  2  cm.  A  5.5  KV  voltage  was  applied.  The  temperature  was  raised  to 
approximately  160°C  and  the  hardening  reaction  initiated.  The  NLO  waveguide  was  then 
defined  by  RIE  as  discussed  above.  The  top  cladding  layer  was  spun  on  top  of  the  etched 
surface  and  was  cured  at  room  temperature.  The  upper  electrode  with  dimensions  of  15  mm 
length  and  30  microns  width  was  defined  photolithographically  and  was  plated  to  5  micron 
thickness  to  reduce  DC  resistance. 

Both  Mach-Zehnder  and  birefringent  modulator  designs  have  been  evaluated  to 
frequencies  approaching  40  GHz  and  require  voltages  in  the  range  1 0-50  volts  (depending 
on  the  chromophore  used,  cladding  layer  thickness,  processing  conditions,  electrode  design, 
etc.)  [35].  Performance  at  wavelengths  from  0.83  to  1.3  microns  has  been  evaluated. 
Commercial  application  will  require  further  improvement  in  V^,  namely,  reduction  of  required 
drive  voltages  to  digital  voltage  levels.  A  critical  area  of  focus  for  the  realistic  achievement  of 
modulation  at  frequencies  above  50  GHz  is  electrode  design  as  losses  at  electrodes  appear 
to  be  the  limiting  factor  in  the  frequency  range  50-100  GHz. 

An  important  area  of  activity  which  deserves  more  attention  is  that  of  improved  device 
design.  This  aspect  is  Illustrated  by  a  recent  paper  by  Garito  and  coworkers  which  presents 
an  improved  design  for  a  directional  coupler  [36]. 

5  Concluding  remarks 

Considerable  expectations  have  been  raised  for  a  new  era  of  communication 
technology  based  upon  new  materials  and  new  phenomena.  It  is  probably  important  for 
scientist  to  keep  in  mind  that  financial  realities  (e.g.,  availability  of  investment  capital)  may 
have  a  greater  impact  upon  realization  of  new  technologies  than  scientific  issues.  While 
potential  markets,  such  as  the  cable  television  industry  and  the  government,  can  be  identified 
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it  is  difficult  to  ascertain  how  motivated  these  markets  will  be  to  incorporate  new  materials 
technologies  in  times  of  depressed  economies.  Moreover,  in  this  brief  review,  we  have  not 
had  time  to  address  all  related  technologies,  e.g.,  information  handling  software;  and  it  is  a 
hard  reality  that  all  relevant  technologies  and  an  attractive  financial  climate  must  be  available 
for  effective  implementation  of  a  new  technology. 

What  we  have  been  able  to  do  in  this  brief  review  is  to  provide  some  brief  insight  into 
materials  issues  and  the  competitiveness  of  various  classes  of  materials.  Currently,  available 
organic  (polymeric)  and  inorganic  (crystalline)  materials  appear  to  be  comparable  in  terms  of 
electro-optic  coefficients  (modulation  efficiencies)  while  organic  materials,  due  to  their  small 
dielectric  constants,  offer  significant  advantages  In  terms  of  bandwidths.  (However,  the  need 
for  bandwidths  greater  than  10  GHz  is  not,  in  general,  a  serious  market  issue  at  this  time.) 
Where  inorganic  materials  appear  to  have  a  significant  advantage  is  the  level  of  engineering 
effort  that  has  been  expended  to  integrate  these  into  operational  systems.  In  this  review,  we 
have  hopefully  shown  that  organic  (polymeric)  materials  can  be  effectively  integrated  in 
systems  and  indeed  may  afford  a  number  of  significant  advantages  relative  to  inorganic 
materials  such  as  lithium  niobate  for  systems  integration.  These  advantages  include  ease  of 
integration,  cost,  and  the  ability  to  transition  to  fiber  optic  lines  with  low  loss,  mechanically 
stable  couplings  which  can  be  fabricated  with  well-defined  RIE  and  photolithographic 
techniques.  It  should  be  clear  from  our  review  that  modulation  efficiency  in  organic  materials 
is  determined  by  the  hyperpolarizability  of  the  chromophore  employed,  number  density  of  the 
chromophore  in  the  polymer  matrix,  and  by  the  poIing-induced  order.  It  is  unlikely  that  the 
state  of  the  art  for  realization  of  chromophore  incorporation  or  ordering  will  be  improved  upon; 
however,  high  hyperpolarizability  chromophores  have  been  identified  and  if  these  can  be 
incorporated  in  high  density  and  poled  with  good  efficiency  then  it  should  be  possible  to 
significant  exceed  the  modulation  efficiencies  of  inorganic  materials.  If  both  superior 
modulation  efficiencies  and  system  integration  capabilities  with  organic  materials  are 
realized,  it  is  clear  that  they  have  the  potential  to  compete  with  inorganic  materials  if 
significant  markets  develop. 

This  review  has  been  focused  upon  the  research  activities  most  relevant  to 
commercialization.  This  seems  appropriate  since  potential  technological  relevance  is  clearly 
a  factor  motivating  interest  in  nonlinear  optical  materials.  However,  we  emphasize  that 
several  areas  of  great  interest  from  a  fundamental  scientific  view  have  been  explored  in  the 
study  of  nonlinear  optical  materials.  These  include  development  of  ultrastructures  (or 
nanoscale  structures)  by  techniques  of  sequential  synthesis  and  molecular  self-assembly. 
Critical  fundamental  studies  are  also  being  effected  on  the  dynamics  of  induction  and 
relaxation  of  molecular  order  by  electric  field  poling.  Development  of  a  body  of  knowledge  in 
these  fundamental  areas  could  prove  invaluable  to  realizing  a  significant  breakthrough  in 
preparation  of  materials  for  device  applications. 
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Table  1 .  Comparison  of  key  features  of  E-0  modulators 


Birefringent 

modulator 

Directional 

couoler 

reff 

^33  or  ri3 

r33-ri3 

^33  or  ri3 

Vti 

low 

medium 

high 

VrcMZ 

1 .5  X  V„Mz 

1 .73  X  V„Mz 

modulation  power 

low 

medium 

high 

Pm2 

1 .25  X  Pmz 

3  X  Pmz 

harmonic  distortion 


odd  terms 


odd  terms 


all  terms 
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Birefringent 

modulator 

Directional 

couoler 

reff 

Taaor  ri3 

r33-fi3 

r33  or  ri3 

Vtt 

low 

medium 

high 

VrtMZ 

1  *5  X  V^Mz 

1 .73  y  V„Mz 

modulation  power 

low 

medium 

high 

Pmz 

1 .25  X  Pmz 

3  X  Pmz 

harmonic  distortion 

odd  terms 

odd  terms 

all  terms 

Table  2.  Critical  parameters  characterizing  electro-optic  modulators 
Velocity  Mismatch  L^ax^m  =  c/2(n  -  Veeff) 

UNbQa 

40  GHz-cm  6  GHz-cm 

Modulation  Efficiency  (<l>/Em)(Xo/Xm)  =  n3r/(n  -  Vseff) 

UNbQa 

1.7x10-4  1.3x10-4 


Table  3.  Temperature  requirements  for  opto-electronic  integration 


Operation  fLono  Term^ 


Processing  &  Packaging  f<;hnrt 

Wire  Bonding 
Solder  Bonding 
Hermetic  Packaging 


“40  to  1 25°C  (Military  Specification) 
20  to  1 OOX  (Commercial) 


[firm.  1 


“1 0  minutes) 


lOOto  150“C 
1 50  to  200“C 
1 50  to  250°C 


FIGURE  CAPTIONS 


Fig.  1 .  Common  electro-optic  modulator  configurations  are  illustrated,  (a)  A  simple 
schematic  representation  of  a  Mach-Zehnder  interferometer  is  given,  (b)  A  birefringent 
modulator  is  shown,  (c)  A  directional  coupler  integrated  into  a  fiber  optic  network  is 
shown;  this  figure  also  illustrates  key  features  of  the  integration  process  such  as  the 
fiber  optic  cable  to  modulator  waveguide  transition. 

Fig.  2.  The  half-wave  voltage-modulation  length  product  of  a  LiNb03  modulator  and  a 
polymer  modulator  (with  a  hypothetical  E-0  coefficient  of  1 00  pm/V)  are  shown  as  a 
function  of  frequency. 

Fig.  3.  Representative  NLO  chromophores  are  shown  together  with  their  pp  values  and 
decomposition  temperatures  (where  available).  Chromophore  c  was  prepared  by  Garito 
and  coworkers  [13a].  Chromophore  b  was  prepared  by  the  IBM-Almaden  research 
group  [1 1  b,1 1c,29].  Chromophores  f  and  g  are  from  the  Ph.D.  thesis  of  C.  Xu  (USC, 

1 993).  For  other  chromophores  see  [20b]. 

Fig.  4.  Two  schemes  for  producing  hardened  NLO  lattices  are  shown.  On  the  left  hand 
side,  prepolymer  preparation  and  lattice  hardening  are  accomplished  by  functionalities, 
with  different  (e.g.,  addition  and  condensation)  reactivities,  which  terminate  the  donor 
and  acceptor  ends  of  an  NLO  chromophore.  For  example,  the  acceptor  end  of  the 
chromophore  may  contain  a  acrylate  functionality  which  is  capable  of  undergoing 
addition  polymerization  while  the  donor  end  may  contain  hydroxyl  groups  capable  of 
undergoing  condensation  reactions.  With  this  scheme,  the  intermediate  prepolymer 
typically  contains  the  NLO  chromophore  as  a  pendant  to  the  polymer  main  chain.  The 
right  hand  side  illustrates  the  use  of  chromophore  where  the  donor  and  acceptor  ends  of 
the  chromophore  are  terminated  with  the  same  functionality,  e.g.,  hydroxyl  groups 
capable  of  undergoing  condensation  reactions.  In  this  case,  the  prepolymer  contains 
the  NLO  chromophore  as  a  component  of  the  polymer  main  chain.  At  the  bottom,  we 
show  two  representative  chromophores  discussed  in  [24a]. 

Fig.  5.  The  thermal  stability  (measured  at  125°C)  of  optical  nonlinearity  (second 
harmonic  generation  efficiency)  is  shown  for  crosslinked  and  uncrosslinked  samples  of 
the  chromophore  shown  at  the  bottom  left  of  Fig.  4  [24a].  The  E-0  coefficient  for  this 
sample  is  1 4  pmA/.  Excellent  thermal  stability  at  1 25'’C  is  obsen/ed  for  both  the  nitro 
and  sulfonyl  chromophores  of  Fig.  4.  The  detailed  conditions  of  crosslinking  are 
described  in  [24a]. 

Fig.  6.  A  schematic  representation  of  the  apparatus  used  to  effect  a  dynamic  assay  of 
thermal  stability  of  optical  nonlinearity  is  shown.  The  second  harmonic  generation 
efficiency  is  constantly  monitored  as  a  function  of  uniform  heating,  e.g.,  typically  at  a 
rate  of  10°C  per  minute. 

Fig.  7.  The  thermal  stability  of  the  chromophore  of  Fig.  5  is  determined  by  the  dynamic 
assay  technique  employing  a  heating  rate  of  10°C  per  minute.  The  conditions  of 
synthesis  and  lattice  incorporation  of  this  chromophore  are  described  in  [24a]. 


Fig.  8.  The  thermal  stability  of  a  azobenzene  chromophore  containing  an  amine  donor 
and  sulfonyl  acceptor  is  shown.  This  material  was  prepared  by  addition  polymerization 
of  a  methacrylate  functionality  terminating  the  sulfonyl  acceptor  followed  by  a 
condensation  crosslinking  reaction  involving  hydroxyl  groups  terminating  the  donor  end 
of  the  chromophore  and  isocyanate  crosslinking  reagents  [24a].  The  chromophore 
structure  in  the  hardened  polymer  is  that  shown  at  the  bottom  right  of  Fig.  4.  This 
chromophore  exhibits  no  measurable  loss  of  optical  nonlinearity  at  100°C  for  1000 
hours  or  125°C  for  300  hours.  The  step  trace  shown  in  this  figure  (measured  by  the 
dynamic  assay  method  with  a  heating  rate  of  1 0°C  per  minute)  is  indicative  of 
incomplete  crosslinking.  Various  preparations  yielded  E-0  coefficients  in  the  range  9-13 
pmA/. 

Fig.  9.  A  scheme  for  the  incorporation  of  a  high  pP  chromophore  into  a  hardened  lattice 
by  general  procedure  1  is  shown. 

Fig.  10.  A  scheme  for  incorporating  an  improved  chromophore  into  a  hardened  lattice 
structure  is  shown. 

Fig.  1 1 .  Two  schemes  for  preparing  hardened  NLO  polyimide  lattices  are  shown. 

Fig.  12.  The  thermal  stability  of  optical  nonlinearity  (measured  by  the  dynamic  assay 
with  a  heating  rate  of  1 0°C  per  minute)  of  the  NLO  polyimide  system  of  Fig.  1 1  b  is 
shown.  Note  the  improvement  of  thermal  stability  (Tg  elevation)  associated  with  the 
imidization  step. 

Fig.  13.  The  preparation  of  a  glass,  convalently  incorporating  an  NLO  chromophore,  by 
sol-gel  processing  is  shown. 

Fig.  14.  Preparation  of  a  hardened  NLO  lattice  by  a  thermosetting  reaction  is  shown. 

Fig.  15.  a.)  The  thermal  stability  data  for  the  hardened  lattice  in  Fig.  13  are  provided, 
b.)  Thermal  stability  data  for  the  hardened  polymer  lattice  in  Fig.  14  are  shown. 

Fig.  16.  Fabrication  of  a  buried  channel  NLO  waveguide  by  two-color  photochemical 
processing  is  shown,  a.)  The  two  step  (two  color)  processing  scheme  is  illustrated 
together  with  a  schematic  representation  of  the  index  variation,  b.)  Index  of  refraction 
and  optical  mode  profiles  are  shown  for  the  above  processing  scheme  for  the  polymer 
of  Fig.  14. 

Fig.  17.  a.)  The  steps  involved  in  preparing  a  buried  channel  NLO  waveguide  by 
reactive  ion  etching  are  illustrated,  b.)  The  accuracy  of  the  etch  depth  to  assure  single 
mode  propagation  for  the  polyimide  structure  of  Fig.  1 1b  is  shown.  Points  falling  above 
the  curve  are  multi-mode;  those  below  the  curve  are  single  mode. 

Fig.  1 8.  A  schematic  representation  of  a  birefringent  modulator  and  associated  test  bed 
is  shown. 

Fig.  19.  A  scheme  for  pigtailing  an  organic  electro-optic  modulator  to  fiber  optic 
transmission  lines  is  shown. 


Fig.  20.  a.)  Oscilloscope  traces  of  a  low  frequency  modulation  signal  (top)  and  the 
electrical  drive  signal  (bottom)  are  shown,  b.)  Measurement  of  is  shown,  c.) 
spectrum  analyzer  scan,  detecting  400  MHz  modulation,  is  shown.  The  sample 
NLO  polyurethane  prepared  by  a  thermosetting  scheme  (see  Fig.  14). 
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